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In this issue ofDevelopmental Cell, Fu et al. (2014) address what determines persistent directional movement
along microtubules of organelles capable of bidirectional transit. They show that retrograde axonal autopha-
gosome transport is mediated by the scaffolding protein JIP1, which not only inhibits anterogrademovement
but may also promote autophagosome maturation.Animal cells display highly organized
organelle transport along microtubules
(MTs) that not only serve as tracks for
movement but also confer directionality
to the transport. The intrinsic structural
polarity of the MT tracks is read by the
motor proteins that generate movement
such that dynein family organelle motors
generate movement toward the minus
ends of the MTs, whereas organelle
motors of the kinesin superfamily drive
movement toward the plus ends. Thus,
when the cell assembles MTs into polar-
ized arrays, the interaction of the motors
with the arrays’ geometry directs traffic
in the cell. However, some classes of
organelles bear both kinds of motors,
making them capable of bidirectional
movement. This poses a difficult question:
how is the activity of motors for opposing
directions of movement regulated to
move the right organelle to the right place
at the right time (Welte, 2004)?Work by Fu
et al. (2014) in this issue of Developmental
Cell addresses this question for autopha-
gosome traffic in the axon and implicates
the scaffolding protein c-Jun NH2-termi-
nal kinase-interacting protein-1 (JIP1) as
a regulator that both binds the motors
and, through its interaction with the auto-
phagosomeadaptor LC3, provides organ-
elle- and location-specific regulation of
their activity.
Among the categories of organelles
that show bidirectional movement are
some (lipid droplets in the Drosophila em-
bryo, for example) for which the bidirec-
tionality makes biological sense and for
which regulatory mechanisms have been
posited (Welte, 2009). But other organ-
elles, such as mitochondria in the nerve
axon, are capable of moving in both di-
rections along MTs despite belonging toeither a persistently plus-end- or minus-
end-directed population (Saxton and Hol-
lenbeck, 2012). Why do organelles—even
those headed persistently in one direction
along MTs—carry the motors for both
directions of movement? And how is the
direction of movement determined for
organelles that can move both ways?
Fu et al. (2014) have pursued these
questions in a studyof theaxonal transport
of autophagosomes. These organelles
result from the engulfment of cytoplasm
into a multilamellar structure that then
fuses with existing lysosomes to form
degradative autophagolysosomes. This
pathwayof turnover is thought tobepartic-
ularly important in neurons due to the size,
architecture, and age of these cells. Auto-
phagic failure leads to neuronal death and,
at the organismal level, neurodegenera-
tive diseases (Rubinsztein et al., 2005). In
cultured neurons, autophagosomes arise
in the neurite tip or growth cone and un-
dergo retrogradeaxonal transport. Theau-
tophagosomesmature in their degradative
ability during this transit as they encounter
and fusewithelementsof theendocytic-ly-
somal pathway (Hollenbeck, 1993; Maday
et al., 2012), which become more preva-
lent with increasing distance from the
terminal (Overly and Hollenbeck, 1996).
However, their trafficking behavior is not
simple: autophagosomes initially exhibit
bidirectional movement after their biogen-
esis but switch to persistent retrograde
movement for much of their transit along
the axon before returning to bidirectional,
lysosome-like movement as they mature
and approach the soma, all the while
bearing motors for both directions of
movement (Maday et al., 2012).
In the current study, Fu et al. (2014)
have tested the hypothesis that the bidi-Developmental Cerectional movement of autophagosomes
is controlled by JIP1. This scaffolding pro-
tein, which has been implicated in regu-
lating the movement of several organelle
types (Fu and Holzbaur, 2013; Horiuchi
et al., 2005), can bind both kinesin and
the dynein activator dynactin. The binding
of JIP1 to one motor inhibits the activity
of the other, so it is a good candidate for
a directional switch (Fu and Holzbaur,
2013). Fu et al. (2014) find that JIP1 asso-
ciates with autophagosomes: in trans-
fected sensory neurons, endogenous
JIP1 is located on most axonal organelles
that contain the autophagosome adaptor
protein LC3, though colocalization is less
at the distal tip of neurites. Fu et al.
(2014) go on to show, through assess-
ment of JIP1-LC3 protein interaction in
brain and transfected cell extracts, and
with recombinant proteins in vitro, that
LC3 likely binds JIP1 directly at the auto-
phagosome surface.
But does JIP1 regulate autophagosome
transport? To address this, Fu et al. (2014)
knocked down JIP1 expression in sensory
neurons and measured the effects on
autophagosome location and traffic. The
density of autophagosomes in the distal
neurite tip was unchanged, suggesting
that JIP1 is not necessary for organelle
biogenesis. However, autophagosomes
did accumulate in the distal axon, impli-
cating JIP1 in their retrograde exit from
their sites of origin at the distal tip. Com-
parison of the locations of fluorescently
tagged JIP1 and LC3 in live neurons
revealed that JIP1+ autophagosomes
underwent greatly increased retrograde
movement compared to those without
JIP1. Together, these results suggest
that JIP1 recruitment to the autophago-
some surface may stimulate the transitionll 29, June 9, 2014 ª2014 Elsevier Inc. 505
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Previewsof the organelle from an early, bidirection-
allymoving form to one thatmoves persis-
tently in the retrograde direction to exit the
distal axon and embark toward the soma.
A quantitative examination of autophago-
some motility along the axon showed
that after knockdown of JIP1 expression,
fewer autophagosomes moved in the
retrograde direction, and more pausing
and switching of direction occurred. In
addition, this phenotype could not be
rescued by JIP1 mutants with reduced
LC3 binding. Thus, JIP1 interaction with
LC3 on the autophagosome surface
seems necessary to both induce and
maintain the retrograde autophagosome
state.
So, bywhatmechanismmight JIP1 sus-
tain retrograde movement of autophago-
somes along the axon? Fu et al. (2014)
focus on the modification of JIP1, which
has many phosphorylation sites, including
one (serine 421) that changes the protein’s
affinity for the kinesin heavy chain and
dynactin. Because phosphorylation of
this serine increases JIP1 binding to kine-
sin, whereas its dephosphorylation favors
binding to dynactin (Fu and Holzbaur,
2013), the authors expressed phos-
phomimetic (S421D) or phosphodeficient
(S421A) mutant forms of JIP1 in neurons
in which endogenous JIP1 was knocked
down and assessed autophagosome
transport behavior. Phosphodeficient
JIP1 rescued retrograde motility while the
phosphomimetic form exacerbated the
loss of persistent retrograde movement
in the absence of endogenous JIP1. This506 Developmental Cell 29, June 9, 2014 ª20implicates JIP1 dephosphorylation at
S421 as a key to maintaining retro-
grade autophagosomal transport by sup-
pressinganterogrademovement.Whether
modification at this residue also regulates
dynein activity remains unexplored. The
identity of a putative organelle- and loca-
tion-specific JIP1 phosphatase activity
remains open, but the authors suggest a
role for MKP1 (a nonreceptor dual-speci-
ficity phosphatase), which colocalizes
with both JIP1 and LC3 in axons.
Fu et al. (2014) also circle back to
examining the acquisition of degradative
capacity by autophagosomes as they
mature during retrograde axonal trans-
port. By knocking down both the expres-
sion of JIP1 and its interaction with LC3
in sensory neurons and thus reducing
the persistence of retrograde transport,
they show that the fraction of autophago-
somes in the proximal axon that were
acidified was also reduced. This suggests
a mechanism of autophagolysosome
maturation that involves not just retro-
grade axonal transport to a location
where there are lysosomes with which to
fuse but also an additional, as-yet-
uncharacterized requirement for the
JIP1 scaffolding protein on the organelle
surface.
There is considerable evidence and
modeling of the regulation of bidirectional
movement as a problem of motor protein
tug-of-war on the one hand and coop-
erative regulation on the other (Welte,
2004). However, autophagosomes in
axons display undirectional movement14 Elsevier Inc.bracketed in time and space by periods
of bidirectional movement. This evidence
for a directional switch, recruited to and
activated on a specific organelle in a
specific region, and possibly regulated
via specific dephosphorylation, suggests
that a more complex mechanism of regu-
lation beyond tug-of-war or cooperative
regulation may be in play. If confirmed
more widely, such a mechanism could
begin to explain how different cargos
with the same motors, in the same cubic
micrometer of cytoplasm, can move in
very different ways.REFERENCES
Fu, M.M., and Holzbaur, E.L. (2013). J. Cell Biol.
202, 495–508.
Fu, M.-m., Nirschl, J.J., and Holzbaur, E.L.F.
(2014). Dev. Cell 29, this issue, 577–590.
Hollenbeck, P.J. (1993). J. Cell Biol. 121, 305–315.
Horiuchi, D., Barkus, R.V., Pilling, A.D., Gassman,
A., and Saxton, W.M. (2005). Curr. Biol. 15, 2137–
2141.
Maday, S., Wallace, K.E., and Holzbaur, E.L.
(2012). J. Cell Biol. 196, 407–417.
Overly, C.C., and Hollenbeck, P.J. (1996).
J. Neurosci. 16, 6056–6064.
Rubinsztein, D.C., DiFiglia, M., Heintz, N., Nixon,
R.A., Qin, Z.H., Ravikumar, B., Stefanis, L., and
Tolkovsky, A. (2005). Autophagy 1, 11–22.
Saxton, W.M., and Hollenbeck, P.J. (2012). J. Cell
Sci. 125, 2095–2104.
Welte, M.A. (2004). Curr. Biol. 14, R525–R537.
Welte, M.A. (2009). Biochem. Soc. Trans. 37,
991–996.
